Oscillatory activity plays a critical role in the brain. Here, we illustrate the dynamics of neural oscillations in the motor system of the brain. We used a non-directional cue to instruct participants to prepare a motor response with either the left or the right hand and recorded electroencephalography during the preparation of the response. Consistent with previous findings, the amplitude of alpha-band (8-14 Hz) oscillations significantly decreased over the motor region contralateral to the hand prepared for the response. Prior to this decrease, there were a number of inter-regional phase synchronies at lower frequencies (2-4 Hz; delta band). Cross-frequency coupling was quantified to further explore the direct link between alpha amplitudes and delta synchrony. The cross-frequency coupling of showed response-specific modulation, whereby the motor region contralateral to the preparation hand exhibited an increase in coupling relative to the baseline. The amplitude of alpha oscillations had an unpreferred and a preferred delta phase, in which the amplitude was modulated negatively and positively, respectively. Given the amplitude of alpha-band oscillations decreased over the analyzed period, the alpha amplitude might be down-regulated by the phase-amplitude coupling, although we do not have direct evidence for that. Taken together, these results show global-to-local computation in the motor system, which started from inter-regional delta phase synchrony and ended at an effector-specific decrease in the amplitude of alpha-band oscillations, with phase-amplitude coupling connecting both computations.
Introduction
Oscillations in the brain mediate a number of functions. Electroencephalography (EEG) frequency-specific activity in vivo is classically classified as delta (1-4 Hz), theta (4-8 Hz), alpha (8-14 Hz), beta (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and gamma (30-75 Hz) (Canolty and Knight, 2010) . Each band was associated with particular functions; for instance, delta band has been associated with memory consolidation in slow-wave sleep (Lee and Wilson, 2002) , theta band with working memory (Jensen and Tesche, 2002) , alpha and beta bands with motor preparation and execution (Pfurtscheller and Lopes da Silva, 1999) and gamma band with attention (Womelsdorf and Fries, 2007) . However, crossfrequency interactions between the bands recently attract increasing attention (Canolty and Knight, 2010) .
In the motor system, alpha-band activity (mu rhythm) is inhibitory. Low-amplitude alpha oscillations reflect active neural processing whereas high-amplitude alpha oscillations are a signature of inhibition . A reduction in the amplitude of alpha oscillations is termed event-related desynchronization (ERD) and an increase is called event-related synchronization (ERS) (Pfurtscheller and Lopes da Silva, 1999) . ERD and ERS occur before and after movements, respectively (Pfurtscheller, 2003) , and can occur in the part of the motor regions which represents the part of the body involved in the movement (Pfurtscheller, 2003) . However, executing movements requires the interaction of multiple non-motor regions of the brain (Ledberg et al., 2007) . Global interactions between brain regions form transient neuronal networks that enable large-scale integration of information (Gray and Singer, 1989; Singer, 1999; Tallon-Baudry and Bertrand, 1999; Varela et al., 2001; Kitajo et al., 2007) . Phase synchrony of brain activity has been proposed as a measure of this large-scale integration (Varela et al., 2001) . Information conveyed through a large-scale interaction might give rise to local interactions (Kawasaki et al., 2010; Fell and Axmacher, 2011) . As alpha ERD, which is relatively localized activity, occurs just before the execution of a movement, we reasoned that there should be global interactions between multiple regions prior to the ERD, if the motor response is initiated in conjunction with cognitive components. Moreover, we reasoned that such inter-region communications would manifest as phase synchrony at frequencies below the alpha-band, given that lower and higher rhythms are associated with global and local interactions, respectively (Buzsáki and Draguhn, 2004; Jensen and Colgin, 2007) .
To investigate the relation between alpha and lower frequency oscillations, we focused on cross-frequency coupling. Lakatos et al. (2005) proposed the oscillatory hierarchy hypothesis, whereby the amplitude of relatively higher frequency oscillations is controlled by the phase of lower frequency oscillations. Furthermore, Canolty and Knight (2010) argued that cross-frequency coupling could be the mechanism by which global information processing is relayed to local information processing. But further experimental evidence needs to be accumulated. Taking these studies into account, our hypothesis was that inhibition and disinhibition through alpha amplitude are regulated by information transmitted in the phase of synchronous oscillations at lower frequencies. Additionally, we hypothesized that such a relation between alpha and lower frequencies would be measured by phase-amplitude coupling measurement in a function-specific way.
Materials and methods

Participants
Twenty healthy participants (14 males, 20-39 years old, righthanded) were tested in this study. Before the experiment, all participants provided informed consent. The study was approved by the RIKEN ethics committee. All participants had normal or corrected-tonormal vision and no neurological or psychiatric disorders.
Experimental paradigm and stimulus presentation
Participants were instructed to perform a cued response task (a variant of the Posner paradigm). A 17-in. CRT monitor (CPD-E220, SONY, Japan; 100 Hz refresh rate) was placed 100 cm away from the participant. Participants were seated and maintained their head position with a chin rest. Fig. 1 depicts a schematic illustration of the experimental time course. Participants were asked to fixate on a central dot throughout the experiment. A trial started with a horizontal line superimposed on the central dot. After 500 ms, a colored square (cue stimulus) appeared in the same place as the central dot. The cue stimulus was presented for 100 ms. The size of the central fixation dot, the horizontal bar, and the cue and target stimuli was 0.1 visual degrees, 0.1 vertical visual degrees, and 1 horizontal visual degree and 1 visual degree, respectively. The cue and target stimuli were purple, green, or yellow. The three colors were randomly associated with the three response (right/left/no) across subjects.
Participants held a video game controller (Razer hydra, Sixense Entertainment, USA) in each hand. The controller contained a button that could be pressed by the thumb and they were instructed to prepare a response with the right or left thumb or no response based on the color of the cue stimulus. Left-hand preparation, right-hand preparation, and no preparation conditions will be referred as 'Left', 'Right', and 'No', respectively. After the cue stimulus, spatial white noise was displayed for 10 ms to eliminate the visual adjustments to the color. A second colored square (target stimulus) was then displayed after a delay of 1002-1702 ms (uniform distribution to produce random jitter). The target stimulus was displayed in the same place as the cue stimulus, and was presented for 150 ms, followed by white noise for 10 ms. The color of the target stimulus was identical to that of the cue stimulus for 75% of the trials. Regardless of the color of the cue stimulus, participants were instructed to respond according to the color of the target stimulus. The response required was indicated by the color of the stimuli rather than the position or shape of the stimuli to exclude the influence of visuospatial information. In the present paper, we present the results from the preparation period (1-1000 ms after the onset of the cue stimulus).
Procedure
Participants performed a training session of 32 trials to accustom themselves to the time course of a trial and the arbitrary association between the color of the stimuli and the required response. Participants then completed four blocks of 160 trials per block. After each block, participants were allowed to have a rest for as long as they wished.
EEG recording
EEG data were amplified and recorded using a BrainAmp MR+ system (Brain Products, Germany) and an EEG cap with 63 scalp electrodes (Ag/AgCl) configured in accordance with the international 10-10 system (EasyCap; EASYCAP Gmbh, Germany). The EEG data were sampled at 1000 Hz and filtered from 0.015 Hz to 250 Hz. The midfrontoanterior (AFz) electrode was used to ground the signal. Electrode impedance was maintained below 10 kΩ. EEG signals were referenced to the averaged recordings from the electrodes on the right and left earlobes. Electrodes placed above and below the left eye recorded activities related to vertical eye movements and eye blinks and electrodes placed at the temples recorded activities related to horizontal eye movements. In the offline analysis, trials with EEG signal that exceeded ± 150 μV in any electrode were discarded.
EEG data preprocessing
Trials with artifact-free EEG data were segmented into 1.5-s epochs from 500 ms before to 1000 ms after the onset of the cue stimulus. We applied current source density (CSD) transformation to the EEG voltage distribution on the surface of the scalp by the spherical Laplace operator, to reduce the influence of volume conduction (Perrin et al., 1989) . The algorithm estimates the current from the underlying neural population at a given electrode, which radially goes through the skull and scalp (Kayser and Tenke, 2006) . The parameters of the operator were as follows: order of the spline = 4, maximum degree of the Legendre polynomial = 50, with a precision of 10 -6 (Perrin et al., 1989) . button press with the right thumb (Right), or no response required (No). Subjects were required to prepare a response based on the cue stimulus and subsequently execute the response based on the target stimulus. In this paper, only data from the preparation period (1-1000 ms after the onset of the cue stimulus) are presented.
EEG processing
Wavelet analysis Instantaneous amplitude and phase were computed by convolving the CSD transformed EEG signal s(t) with a complex Morlet wavelet function defined as:
where σ t denotes the standard deviation of the Gaussian window. The wavelet is shaped by how many cycles n co reside in a 6σ t interval ). In the current study, n co = 3 (=6fσ t ) was chosen, with the central frequency f spanning 1 to 45 Hz in 1-Hz steps. Wavelet transform was applied to a 5-s epoch of data from 2500 ms before to 2500 ms after the onset of the cue stimulus to eliminate the edge artifact with in the 1.5-s epochs.
Z-scored alpha amplitude
To explore the correlation between alpha amplitude reduction and reaction time, instantaneous alpha amplitude was normalized as follows:
Baseline was from −500 to −300 ms relative to the onset of the cue stimulus. Subsequently, z-scored alpha amplitude was averaged for the time window from 1 to 1000 ms.
Phase locking value (PLV)
The PLV was used to quantify phase synchrony between CSD transformed EEG signals from two electrodes. The PLV describes the consistency of the phase difference between two signals across trials. For electrodes i and j at time t, PLV is calculated as:
where N is the number of trials and θ(t, n) is the instantaneous phase in trial n at time t. The derived quantity (range, 0-1) represents the degree of phase locking. The greater the PLV, the stronger the phase consistency between the two electrodes. However, PLV tends to be larger between proximal electrodes, therefore, to normalize the distance of electrodes , PLVz was calculated as follows:
Baseline PLV was calculated from −500 to −300 ms relative to the onset of the cue stimulus.
Modulation index
The method introduced by Canolty et al. (2006) was used to quantify phase-amplitude coupling. The method was applied only to data from electrodes C3 and C4, which were located over the motor region of the left and right (or right and left) hemisphere, respectively. The modulation index reflects the strength of coupling between the phase and amplitude of different frequencies. It is based on the complex variable;
where z(t), A 1 (t), and φ 2 (t) represent the composite complex value, the amplitude at a given frequency, and the phase at another frequency, respectively. The raw modulation index (M raw ) is the absolute mean vector of the complex variable as follows:
In the current study, M raw was calculated on a trial-by-trial basis by averaging the values over the time window from 1 to 1000 ms after the onset of the cue stimulus. Assuming that phase-amplitude coupling is a product of a specific pairing of phase and amplitude, we shuffled phase and amplitude values within a trial to create surrogate data. This surrogate data approach enabled us to correct for different amplitudes across trials. M raw was normalized as follows, to give the normalized modulation index (M norm ):
Finally, M norm was averaged across trials for each subject.
Normalized mean amplitude of a specific phase To explore the detailed relation between amplitude and phase across different frequencies, instantaneous amplitude normalized by the temporal mean and standard deviation a given frequency was assigned to one of 12 binned phases of another frequency. Then, the mean amplitude on each of the 12 phase bins was calculated. These original data were compared to the surrogate data.
Statistical analysis
Data were averaged across trials before statistical analysis. The average amplitude and PLV across trials were compared across conditions (Left, Right, No) using a permutation test (Burgess and Gruzelier, 1999; Melloni et al., 2007) . The paired permutation test flips the values of two conditions within each participant. After permuting the data 5000 times for the amplitude, 5000 times for the normalized modulation index, and 80000 times for PLV, the probability of the original data based on the distribution of permuted data was obtained. The precision of probability values obtained from permutation test relies on the numbers of permutation. The numbers were chosen to reach the sufficient precision to correct the probability values with respect to multiple comparison problems. False discovery rate (FDR) correction, which took account into the number of electrodes or electrode pairs, was applied to each point of the time-frequency chart for all electrodes (amplitude data) and all possible pairs of electrodes (PLV) (Benjamini and Hochberg, 1995) . The number of hypotheses was 63 and 1953 for amplitude data and PLV data, respectively.
For comparing normalized modulation index in C3 and C4, a clusterbased permutation test (5000 times) for two-dimensional data (frequency for phase and frequency for amplitude) was carried out (Maris and Oostenveld, 2007) . Cluster-based permutation test statistically tests significant changes of clusters, which is contiguous phase and amplitude frequency pairs in the current study. Precisely a cluster consisted of neighboring frequency pairs, which had significant t-statistics (p b .05) when the pairs were tested independently in comparison of conditions. For testing clusters, the sum of t-statistics of the pairs was compared to randomized null distribution derived from permuting data on subject basis across conditions. Later Bonferroni-correction was applied for the number of electrodes.
To test the significance of the mean amplitude of a specific phase, the confidence interval was calculated based on a surrogate data approach (1000 times) that randomly coupled original amplitude and phase data.
Results
Behavior
The average performance over all conditions in 20 subjects was an accuracy rate of 94.4 with an SD of 10.1% with an RT of 426.1 with an SD of 95.1 ms (RT was computed on correct trials only). A repeatedmeasures ANOVA was performed. There was a significant effect of preparation hand (Left/Right/No) on accuracy (F(2,18) = 5.6281, p = 0.0072), with the most accurate for Left preparation conditions, the second most accurate for Right preparation conditions, and the least accurate for No preparation conditions. There was a significant effect of preparation hand on RT (F(2,18) = 66.5, p b 0.0001) with the slowest for No preparation conditions, the second slowest for Left and the fastest for Right conditions. There was no significant effect of response hand (Left/Right) both on accuracy rate (F(2,18) = 0.0231, p = 0.8808) and on RT (F(2,18) = 0.004, p = 0.949). Furthermore, there was a significant interaction between preparation hand and response hand on RT (F ( 
Amplitude difference related to motor preparation
Left and Right conditions were compared to the No condition. C3/C4 electrodes were selected to represent the motor regions and O1/O2 electrodes were selected to represent the occipital regions (Fig. 2) . The No condition involves the same visual stimuli as the Left and Right conditions; therefore, low-level processing of visual stimuli in Left and Right conditions should be entirely eliminated by this comparison. In the Left condition, there was a significant decrease in the amplitude of oscillations at a frequency of around 12 Hz that first appeared in the occipital cortex about 350 ms after the onset of the cue stimulus (Figs. 3C and D) . Then at the end of the preparation period, only the motor region contralateral to the side of motor preparation exhibited a significant Fig. 3B ). In the Right condition, a significant decrease of peak-alpha 12 Hz amplitude first appeared in the occipital cortex at 400 ms after the onset of the cue stimulus (Figs. 4C and D) . Then at the end of the preparation period, only the motor region contralateral to the side of motor preparation exhibited a significant decrease of 12 Hz amplitude (permutation test p b 0.05, FDR-corrected; Figs. 4A and B) .
We also explored a correlation on subject basis between trialaveraged reaction time and trial-and-time averaged modulation (from 1 to 1000 ms) of z-scored alpha (8-14 Hz) amplitude in electrodes (C3/C4) over the contralateral motor regions. In Left condition, z-scored 9-10 Hz amplitude was positively correlated with the reaction times when the target was identical (Spearman's rho-value = 0.37 and 0.48, p b 0.05). In Right condition, z-scored 10-11 Hz amplitude was positively correlated with the reaction times when the target was identical (Speaman's rho-value = 0.41 and 0.42, p b 0.05). All other Left/ Right/No conditions did not yield significant results.
Amplitude difference between the Left and Right conditions
To investigate the effector-specific modulation of brain activity, we assessed whether the cue stimulus induced alpha lateralization, which has previously been observed in a somatosensory attention task according to the hand to which the participants attended (Haegens et al., 2011) . The averaged amplitude was compared across the Left and Right conditions by subtracting the Left condition from the Right condition (Fig. 5 ). Significant decreases in the amplitude of alphaband oscillations were observed only in the left hemisphere(Figs. 5A and C), and significant increases were observed only in the right hemisphere (permutation test p b 0.05, FDR-corrected) (Figs. 5B and  D) . Over the motor regions, significant alpha lateralization occurred between 600 and 800 ms after onset of the cue stimulus. In the occipital regions, significant alpha lateralization occurred around 800 ms.
Delta phase synchrony
To investigate the possibility that effector-specific modulation of alpha amplitudes was caused by prior formation of transient neural assemblies, we computed the 1-45 Hz PLV for all possible electrode pairs (1953 pairs from 63 electrodes). The results were FDR-corrected for the number of pairs and the Left and Right conditions were compared to No condition. For both the Left and Right conditions, PLV was significantly increased only at frequencies below 4 Hz (Fig. 6) . No electrode pairs showed a significant decrease of PLV when Left and Right conditions were compared with No condition. A significant increase of PLV at low frequencies (2-3 Hz) was observed around 300 ms after the onset of the cue stimulus in several of the electrode pairs around 300 ms (permutation test p b 0.05, FDR-corrected). Comparison of Left and Right conditions did not yield a significant difference.
Cross-frequency coupling in the motor regions
To further investigate the relationship between delta phase synchrony and alpha amplitude modulation in motor preparation, we performed cross-frequency coupling analysis between delta phase and alpha amplitude. For all pairs of 1-4 Hz phase and 8-14 Hz amplitude, subject-averaged normalized modulation indices were significant for Left and Right conditions (p b 0.05, Bonferroni-corrected; Fig. 7) . A (Fig. 9B) . Left/Right comparison did not exhibit any significant results. To evaluate the precise relation between phase and amplitude in the identified clusters in active-response and No conditions, we calculated the mean normalized alpha amplitude depending on delta phase. The results showed that alpha amplitude was significantly modulated with respect to delta phase (p b 0.001; Fig. 9 ). The direction of modulation was positive at a delta phase of around −π and π radians and negative at a delta phase of around 0 radian (Fig. 9) . The modulation was more prominent in active-response conditions compared to No conditions. We also explored a correlation between single-trial reaction time and single-trial modulation index of the significant frequency pairs in electrodes over the contralateral motor cortex. In Left condition, modulation index between 2-Hz-phase and 9-10-Hz amplitudes and 3 Hz and 13-14 Hz amplitudes was negatively correlated with the reaction times when the target was identical (Speaman's rho-value = − 0.05 and −0.08, p b 0.05). All other Left/Right/No conditions did not yield significant results.
Due to the limited spatial resolution of EEG, one might dispute whether the observed synchrony was true synchrony or conduction synchrony. If the synchrony was because of volume conduction, the phase difference between a pair of electrodes should be concentrated around 0 and pi (Melloni et al., 2007) . On the contrary to this, phase differences of the observed synchrony were distributed to other angles ( Supplementary Fig. 1 ). Therefore, volume conduction cannot fully explain the results. Focusing on the motor (C3/C4) and occipital regions (O1/O2) in which two distinctive alpha lateralizations were observed, the phase differences were also scattered ( Supplementary Fig. 2) . Therefore, the changes in the regions did not share a single source (i.e. volume conduction).
Discussion
This study investigated the EEG dynamics of motor preparation, eliminating low-level visual processing by comparing relevant conditions. The performance of subsequent motor responses differed depending on the conditions of preparation, illustrating the influence of the experimental manipulation on the motor system. For both the Left and Right conditions compared to the No condition, delta phase synchrony appeared before the decrease in alpha amplitude. Furthermore, Fig. 9 . The current source density (CSD) amplitude at alpha frequencies according to the delta phase. The data are from the significant clusters shown in Fig. 8 : 2-3 Hz phase and 11-14 Hz amplitude for C3 and 2 Hz phase and 8-10 Hz amplitude and 4 Hz phase and 11-14 Hz amplitude for C4. 0 radian indicates the unpreferred delta phase for alpha amplitude. For the C3 electrode, the mean amplitude at 11-14 Hz at each time point across trials and subjects was assigned to one of 12 bins based on the 2-3 Hz phase. For the C4 electrode, the mean amplitude at 11-14 Hz at each time points across trials and subjects was assigned to one of 12 bins based on the 4 Hz phase and the mean amplitude at 8-10 Hz was assigned based to a bin based on the 2 Hz phase. A: C3 for Right trials. B: C4 for Left trials. C: C3 for No trials. D: C4 for No trials. Normalization used mean and standard deviation on a single-trial basis. To generate 95% confidence interval, delta phase and alpha amplitude were randomly paired (surrogate data approach).
the temporal evolution of the decrease in alpha amplitude progressed from occipital to motor regions. When comparing the Left and Right conditions, alpha lateralization was evident over the occipital and motor regions. To explore whether there was a possible relation between delta phase dynamics and alpha amplitude changes, we analyzed phase-amplitude coupling between delta phase and alpha amplitude over the motor regions. Phase-amplitude coupling between delta and alpha frequencies, respectively, was functionally specific. Significant coupling of delta phase and alpha amplitude was evident only over the motor cortex contralateral to the side of movement preparation, i.e., the left motor region for the Right condition and the right motor region for the Left condition. Taking into account the inhibitory role of alpha-band oscillations in the cortex, we suggest that delta-alpha phase-amplitude coupling might be a mechanism by which the cortical inhibition can be adjusted, utilizing the fact that alpha oscillations have a preferred and unpreferred delta phase. This is in line with a hypothesis that lower frequency phase modulates cortical excitability, and subsequently affects local processing (Lakatos et al, 2005) .
Global delta phase synchrony
Human cognition and action require integration of information from a number of regions of the brain, and mechanisms for such integration should be postulated. A previous study reported that a visuo-motor task produced a widespread change in event-related local field potentials (Ledberg et al., 2007) . For cerebro-muscular interaction, significant 6-9 Hz coherence was reported in finger movement with efferent directionality from the primary motor cortex (Gross et al., 2002) . Furthermore, beta coherence appeared between the primary motor cortex, primary somatosensory cortex and inferior posterior cortex (Brovelli et al., 2004) . In addition to coherence, phase synchrony has been postulated as a putative mechanism for communicating information between neural populations (Varela et al., 2001) . Phase synchrony in different bands has been implicated in a variety of functions. Large-scale gamma synchrony plays a role in conscious perception and attention (Melloni et al., 2007; Doesburg et al., 2008) , beta synchrony mediates the maintenance of status quo (Engel and Fries, 2010) , alpha synchrony plays a role in consciousness (Palva and Palva, 2007) , and theta synchrony is critical in memory (Uhlhaas et al., 2010; Kawasaki et al., 2014a) . To our knowledge, the current study is the first to identify global synchronized networks at delta-band frequencies that correspond to motor control (Figs. 6 and 7) , while reducing the effects of volume conduction by CSD transformation. Recent studies showed that delta activity mediated attentional selection (Lakatos et al., 2008) , and stimulus expectation (Arnal and Giraud, 2012) . More relevant to our study, the phase of slower oscillations, including those in the delta frequency band, reflects sensory selection (Schroeder and Lakatos, 2009) . Hence, our results pertaining to delta phase synchrony could also be relevant to the transfer of sensory information.
Furthermore, we should note that global phase synchrony appeared only in the delta band. Synchrony in the delta band may be particularly suited to mediate communication in the motor system, as distant neuronal groups favor lower frequency synchronization to interact (Buzsaki, 2009) . Oscillations with different frequencies have varying temporal windows for computation (Von Stein and Sarnthein, 2000) . As a result, they are associated with different spatial magnitudes. This means that faster oscillations have narrower spatial scales, and slower oscillations can reach far broader regions (Buzsaki, 2009) . Taken together with our results, this suggests that global interactions mediated by delta-band synchrony influence the amplitude of alpha-band oscillations in the motor cortex by the phase-amplitude coupling.
We are aware of that the increase of PLV could be accounted for by evoked response alone. To clarify that aspect, we were inspired by Mazaheri and Jensen study (2006) . They propose a measure, phase preservation index (PPI), for detecting the phase stability across time. The measure has been employed to illustrate the presence of phase resetting in visual evoked potentials (Mazaheri and Jensen, 2006) and TMS-induced phase resetting (Kawasaki et al., 2014b) . Using PPI, they showed that phase stability rapidly decayed in phase resetting model compared to evoked response model. This suggested that evoked response had less impacts on phase stability. Computing PPI, we illustrated that the active-response conditions had faster decay of phase stability compared to No conditions. To some extent, this would argue against that evoked response, which is assumed to be additive and independent from EEG ongoing activity , is solely responsible for the observed increase in PLV ( Supplementary Fig. 4) .
Furthermore, we also computed phase locking factor (PLF), which quantifies phase consistency across trials (Tallon-Baudry et al., 1996) to test whether the increase of PLV was attributable to exogenous phase resetting occurring concurrently at multiple brain sites. The results indicated that this was not the case, as the changes of PLF were much less prominent than the changes of PLV (Supplementary Fig. 5 ).
Alpha lateralization in the motor and occipital regions
We observed functionally specific alpha modulation after the global phase synchrony in the delta band, namely alpha lateralization (Figs. 3, 4, and 5) . Alpha lateralization is a phenomenon in which alpha-band amplitude is reduced in the contralateral hemisphere and increased in the ipsilateral hemisphere in relation to the motor, visual, and somatosensory systems involved in the task (Pfurtscheller et al, 2000; Worden et al., 2000; Haegens et al., 2011) . The mechanism underlying this reduction may be a change in cortical inhibition . Our study, in line with previous research (Arroyo et al., 1993; Pfurtscheller and Andrew, 1999) , showed that the motor cortex contralateral to the response-preparing hand was more released from inhibition than the ipsilateral motor cortex. The novel result from our study is that alpha lateralization was also observed in the occipital cortex. Occipital alpha lateralization has been previously associated with a shift of spatial attention (Thut et al, 2006; Gould et al., 2011) . However, given that these effects were induced by a visual stimulus that had no explicit directional information (right or left) for spatial attention, we argue that this represents a proximal link between motor preparation and spatial attention.
There has been debate as to whether spatial attention is a supramodal mechanism (Posner & Dehaene, 1994) or an emergent property originating from the activation of sensorimotor circuits (Desimone and Duncan, 1995; Rizzolatti et al., 1987) . The latter proponents showed proximal links between overt eye movements and covert spatial attention in oculomotor control (Hoffman and Subramaniam, 1995; Katnani & Gandhi, 2013) . If spatial attention relies on the same neural circuit for movements, movements themselves should induce the shift of spatial attention (Rizzolatti et al., 1987; Smith & Schenk, 2012) . Our paradigm, in which limb responses were made without eye movements and the stimuli did not have any directional information, enabled us to test this hypothesis, and our results suggest that motor preparation and spatial attention are indeed hard to separate, if not impossible.
In addition, a significant decrease in alpha-band amplitude was observed with a temporal order from the occipital to motor regions in Right/No and Left/No comparisons (Figs. 3E and 4E) . The movement of the modulation of alpha-band amplitude reflects the direction of communication (Nunez et al., 2001; Sauseng et al., 2007; . Given that the Right/No and Left/No comparisons required a sensorimotor transformation, the temporal progression of alpha amplitude modulation from the occipital to motor regions observed in the current study might reflect such sensorimotor transformation.
Phase-amplitude coupling between delta and alpha frequencies
We observed functionally specific cross-frequency coupling between delta phase and alpha amplitude for electrodes over the motor regions. Only the cortex contralateral to the side of motor preparation exhibited an increase in phase-amplitude coupling relative to the No condition (Figs. 8 and 9 ). All couplings between delta phase and alpha amplitude were significant for the Left and Right conditions assuming Gaussian distribution. Cross-frequency coupling is a mechanism to integrate fast local computations with slow global computations (Canolty and Knight, 2010) . In line with this, alpha amplitude over the motor regions (fast local computations) was coupled with delta phase activities which represented global synchrony and preceded the change in the amplitude of alpha oscillations/synchrony. In other words, the phaseamplitude coupling might relay information through delta synchrony to local computations by alpha amplitude, although our results are not able to fully support such a claim. In previous literature, theta-gamma phase-amplitude coupling has been reported across many cortical regions of the human brain (Canolty et al., 2006) . The physiological mechanism could be an increased generation of stimulus-driven spikes that occurs due to a change in cortical excitability (Fries, 2005) . By contrast, our results showed that alpha amplitude, which actively inhibits local computation , was coupled with delta phase. To examine the precise role of phase-amplitude coupling it is necessary to explore how delta phase and alpha amplitude are coupled. The modulation index did not provide any useful information on this topic. However, the mean alpha amplitude at a specific delta phase revealed a detailed relation between phase and amplitude. Interestingly, positivity and negativity of alpha amplitude depended on delta phase. In other words, alpha amplitude had an unpreferred phase as well as a preferred phase. Given alpha amplitude, which reflects the degree of cortical inhibition , decreased in the analyzed period, we argue that delta-alpha phase-amplitude coupling might work to release cortical areas from inhibition by down-regulating alpha amplitude.
In summary, we explored the neural dynamics of motor control and showed that global delta phase synchrony preceded a functionally relevant decrease in local alpha amplitude. Crucially, delta-alpha phaseamplitude coupling appeared in a functionally specific manner to connect slow global computation with fast local computations.
